In 1985 it was first reported that monoclinic Ta205 has piezoelectric properties comparable to ZnO. In this work we report on the deposition, characterization, and qualitative assessment of the piezoelectric behavior of orthorhombic Ta205. Reactive magnetron sputtering was used to deposit thin films of Ta205 onto substrates of 3 16L stainless steel. Without substrate heating the crystallinity was poor. A rapid thermal anneal improved the crystallinity. The orthorhombic phase was dominantly present on all substrates. The piezoelectric property was qualitatively assessed, including a high temperature test at 650 "C.
I. INTRODUCTION
The polymorphism of Ta205 has been extensively studied and there is general agreement that a low temperature form P-Ta205 and a high temperature form a-Ta205 exist. Jehn and Olzil proposed a phase diagram for the Ta-O2 system in the temperature range 1100-2500 "C. It was observed that the transformation of the P phase into the a phase begins at about 1360 "C, but the p form exists metastably above this temperature until the melting point of the P phase is reached at 1785 0C. 2 The thermal stability of Ta205 makes it an attractive material for high temperature applications. However, the formation of suboxides at elevated temperatures could be of concern. Boiko et studied the interaction between Ta and Ta205. Films were vacuum annealed at 337 "C or 437 "C and leakage currents were compared with those of similar films annealed in air (presence of moisture provides proton source); no noticeable differences were measured. Oxygen depletion occurs near the interface, but TEM micrographs revealed that the oxygen diffuses along grain boundaries extending from surface dislocations into the Ta. This process causes the appearance of "thinning" regions in the film with finely distributed islands of a separate metal phase. The coexistence of metal and oxide phases instead of a suboxide phase is consistent with the work reported by Dubrovskaya et aL4 and Raisman and Holzberg5 Dubrovskaya et found that the Ta-0 system is of a simple eutectic variety and only two phases exist over the entire composition interval: Ta and Ta205.
Recently, Ta205 has been investigated because of its high-dielectric constant for use in high-density dynamic random access memory (DRAM) devices. Several studies were reported on the effect of substrates, thermal annealing, and deposition conditions on the leakage current of Ta205 films. In contrast, very little has been published on the piezoelectric properties of Ta205. The first report on the piezoelectric properties of Ta205 was presented by Nakagawa and ~o m i~ who deposited monoclinic P -Ta205 by reactive sputtering of tantalum in an Ar-02 atmosphere with a substrate temperature of 450 "C or higher. Nakagawa and Okada7 determined the piezoelectric and elastic properties of monoclinic P-Ta205 by measuring resonance and antiresonance frequencies across the film. Maeda et a].' described an automated system to make these impedance measurements, and their results were in agreement with the experimental observations of earlier investigators6 who found that the electromechanical coupling of Ta205 is comparable to that of ZnO (002).
No literature was found on the piezoelectric properties of Ta205 at conditions above room temperature. The small volume of data on Ta205 studies for piezoelectric applications indicates that this is not a system that has been intensively studied. Considerably more work was done on temperature effects of ferroelectrics. The motivation for that research stems from a need to compensate for temperature effect^,^,'^ to increase the Curie temperature for measurements at higher and to quantify the elastic and electrical properties of composites which may undergo phase transformations.13 Other piezoelectric materials which are possible candidates for high-temperature applications include a-quartz. However, this material transforms to P-quartz at approximately 574 "C and this transformation also involves a significant volume change which often leads to cracking. Zinc oxide is only thermally stable to a temperature of 700 "C.14 Lithium niobate has a Curie temperature of 1210 "C,15 but at temperatures above 300 "C the piezoelectric sensing ability of lithium niobate starts to decrease with further increases in temperature until the sensing ability is lost at the Curie temperature. 15 Besides the form of Ta205 investigated by Nakagawa and G~m i ,~ there is also a low temperature form (P-Ta205) with an orthorhombic crystal structure. 16 No report was found in literature on the piezoelectric behavior of this phase. In this study we report on the piezoelectric behavior of orthorhombic P-Ta205. Reactively sputter deposited orthorhombic P-Ta205 thin films were investigated for their piezoelectric sensing ability that could potentially be used to detect vibrations in structures over a wide range of temperatures and vibration frequencies. The effect of annealing on the crystallinity and piezoelectric properties of the deposited Ta205 film is also reported.
Amorphous Ta205 films are exclusively formed on substrates which are not externally heated and only crystallize upon annealing above 600 "C as orthorhombic P -T~~O~. '~ Although amorphous films cannot exhibit piezoelectric properties, signals were obtained from asdeposited films. X-ray results of these films do not show any discernible peaks and these films would usually be considered amorphous. This result can be attributed to microcrystallinity in the as-deposited films. Shimizu et al. ls used microdiffraction to obtain insight into the structure of Ta205 films considered "amorphous" by conventional XRD techniques. Microcrystalline regions of P-Ta205 were found, which are only a few nanometers in size.
It is accepted that post-deposition annealing of Ta205 films is necessary to restore or improve the crystallinity of the film.'s-21 Pignolet et a1.19 used rapid thermal annealing (RTA) to improve the dielectric permittivity. Several authors proposed a two-step annealing process. Advantages include a reduction of the contamination level and an improvement of stoichi~metry,'~ a decrease in the leakage current and defects of films which are used as storage devices,20 and lateral growth of ~rystallites.~~ For example, Shimizu et al.ls annealed films in an ozone atmosphere under UV irradiation followed by a second annealing step in dry 0 2 at 800 "C.
Greatly increased piezoelectric signals were measured with our sputter-deposited Ta205 films after rapid thermal annealing at temperatures of 700 "C and higher.
II. EXPERIMENTAL METHODS

A. Reactive dc magnetron sputtering
A glass bell-jar type dc-magnetron sputtering system (KJL EJ1800) was used to deposit thin Ta205 films onto polished stainless steel substrates by means of reactive sputtering of tantalum. Argon was used as carrier gas and oxygen was used as the reactive gas to oxidize the sputtered tantalum. The sputtering chamber was evacuated to a base pressure of 2.7 mPa before the argon and oxygen (10 : 1 volumetric ratio) were introduced flowrates of argon and oxygen. A turbo pump backed by a mechanical roughing pump was used during the entire deposition period to ensure a sputtering pressure of 0.8 Pa. A tantalum target (99.99% pure, 5 cm in diameter, 0.635 cm thick) was used. The sputtering rate was controlled by controlling the sputtering current at a fixed value (40 mA). A summary of the sputtering conditions which were used is listed in Table I .
The substrates were polished 316 stainless steel beams with the following dimensions:
Free length: 1 12 mm Width: 14.5 mm Thickness: 0.89 mm
B. Rapid thermal annealing of Ta205 films
Pignolet et a1. l9 did rapid thermal annealing (RTA) studies of Ta205 films. Films were placed in the furnace for 60 s after which the furnace was switched off and samples were left there to cool down. In our studies, the samples were placed in a pulsed current, resistively heated furnace (which was preheated to 700, 800, and 900 "C, respectively) for a period of 60 s and removed to cool down in the atmosphere. The experimental setup for the annealing is shown in Fig. 1 . 
Ill. RESULTS
A. Film adherence
After the sputter deposition was completed, the films were inspected with an optical microscope for macrocracks and spalling. The Ta205 films showed excellent adherence to the stainless steel substrate and no sign of film spalling was observed. The films also appeared very uniform and smooth, and no cracks could be observed.
After the RTA treatment was completed, the films were inspected once again. The annealed films still showed very good adherence with no signs of spalling. Also no cracks could be observed in these films.
B. TazOs film characterization
X-ray diffraction was used to determine the crys- and annealed Ta205 films.
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The XRD spectrum for unannealed Ta205 films sputter deposited onto stainless steel shown an amorphous hump in the region 22" S 28 S 33" (see Fig. 2 ). The
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other diffraction peaks at 28 = 43.5" and 44.6" can be attributed to the stainless steel substrate. The XRD spectrum of the film that was annealed at 700 "C shows
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that the film is still amorphous (see Fig. 3 ).
The Ta205 film annealed at 800 "C is polycrystalline a 150
and the XRD spectrum of the film shows three distinct --diffraction peaks that can be attributed to orthorhombic P-Ta205 (see Fig. 4 ). The diffraction peaks at I ,, (narrow top white band).
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The film thickness was estimated as 3 pm. The mean Ta205 sputter deposition rate on stainless steel,
C. Scanning electron microscopy (SEM) analysis
The surface topography and integrity of the deposited Ta205 films were investigated with a scanning Rss,Ta20j, was calculated by dividing the estimated film thickness, dSS,Tazoj, by the deposition time, tss,Ta20j:
IV. EXPERIMENTAL EVALUATION OF THE SENSING ABILITY OF Ta205 FILMS
transferred to a personal computer. The voltage signal from the unannealed Ta205 film for an initial beam displacement of 4 cm is shown in Fig. 8 . The signal exhibits a maximum magnitude of 2.5 mV (peak to peak) and the primary natural vibration frequency (first vibration mode) of 300 Hz can be seen clearly.
The voltage signals from the Ta205 films annealed at 700, 800, and 900 "C are shown in Figs annealed films are significantly stronger than that of the unannealed Ta205 film. A signal with a magnitude of about 500 mV (peak to peak maximum) was detected in the film annealed at 700 "C ( Fig. 9 ), 650 mV (peak to peak maximum) for the film annealed at 800 "C (Fig. lo) , and 200 mV (peak to peak maximum) for the film annealed at 900 "C (Fig. 11) . The primary natural vibration frequency was dominant in all the signals. From the signal response the primary vibration frequency of the beam was estimated to be 300 Hz. Therefore, the annealed Ta205 film exhibits a low enough leakage current to measure vibration frequencies at 300 Hz. The signal strength of the Ta205 film is at its highest when the epoxy glue, which was used to glue the electrode onto the film, has cured properly (a few days). The signal strength from the films used in the initial displacement-test increased from about 10 mV (peak to peak maximum), when tested on the same day the electrode was glued on, to signals in the order of 200 to 500 mV when tested a few days after the electrode was glued on.
B. Cantilevered beam tests at elevated temperatures
The experimental setup for these tests is shown in Fig. 12 . A beam was clamped at one end and inserted into a pipe with a 5 cm inner diameter. An electric air heater was used to blow air through the pipe. In the position directly above the free end of the beam, a pipe with a smaller diameter (1.0 cm) was fitted vertically, protruding slightly through the larger horizontal pipe. This was used as a conduit to drop a weight onto the free end of the beam. A stainless steel electrode, shaped like an a, was clipped over the film near the fixed end of the beam and insulated from the stainless steel substrate by a thin ceramic disk. The other electrode was the stainless steel beam itself. A fast response thermocouple (S-type) was positioned on the film near the %shaped electrode. A small copper weight was dropped onto the free end of the beam through the tube fitted on the pipe in such a way that the weight bounced off the beam after impact. This experiment was performed at different temperatures ranging from room temperature to 650 "C. The Ta205 film was exposed to the maximum temperature for 90 min. After the high temperature tests were completed, the experiment was repeated at room temperature to see what effect the exposure to high temperatures had on the sensing ability of the film. The films were also inspected visually for signs of cracking or spalling before and after exposure to the high temperatures.
The signal response of the Ta205 film at room temperature is shown in Fig. 13 . The signal strength weakened as the temperature was raised [compare the signal response at 400 "C ( Fig. 14) and at 650 "C ( Fig. 15) with the signal at room temperature ( Fig. 13) ]. The signal was still measurable at 650 "C (which was the maximum temperature attainable with the heating equipment). During the high temperature tests it was noticed that the stainless steel beam softened at the higher temperatures.
The signal response at room temperature, after exposing the film to temperatures up to 650 "C for at least one and a half hours, was just as good or even better than the signal response before the high temperature tests (see Fig. 16 ). The weakening of the signal could therefore be related to the softening of the beam at higher temperatures which has changed the flexural rigidity, rather than the degradation of the vibration sensing ability of the film. The XRD spectrum of the film after completion of the high temperature tests shown increased crystallinity (see Fig. 17 ) as compared to the XRD spectrum before the high temperature tests (Fig. 3 ), and the (1 100) diffraction peak is visible (Fig. 17) . Inspection of films by optical microscope afterwards also showed no sign of cracking or spalling.
V. DISCUSSION
X-ray amorphous Ta205 thin films, deposited with no intentional substrate heating by reactive dc magnetron sputtering, exhibit piezoelectric behavior in the form of vibration sensing (periodic film strain sensing). This phenomenon is probably due to microcrystallinity in the films.
The signal response of the annealed Ta205 films on the stainless steel beam in the initial displacement test was much stronger than the signal from the unannealed Ta205 film for similar test conditions. The annealing improved crystallization of the as-deposited, "amorphous" film, and greatly improved the piezoelectric activity of the Ta205 film.
The signal response of the Ta205 was measurable at a temperature of 650 "C in an air atmosphere, and no degradation of the film due to the exposures to these high temperatures were observed. The film was still in a very good condition after the high temperature tests and even produces a stronger signal response than before the experiments (compare Fig. 16 to Fig. 13 ). This could be due to annealing effects of the high has not previously been reported and it could be used as E a high temperature vibration sensing material. temperature exposure).
